Introduction
In a substantial number of burn patients, the early detection of renal dysfunction and subsequent adequate treatment can prevent progression to acute renal failure [1] . During the hypermetabolic phase, beginning 48 h after the thermal injury, an increased cardiac output is observed, with a concomitant increase in blood flow to the kidneys and liver. Thus, there is an increase in the glomerular filtration rate (GFR), as assessed by creatinine clearance [2, 3] . Many of the drugs given to burn patients need dose adjustment as a function of the GFR. With antibiotics eliminated mainly by renal glomerular filtration, a subpopulation of burn patients with a high GFR can eliminate drugs extremely rapidly, leading to poor efficacy. Individual therapeutic drug monitoring is required [4] as has been demonstrated in critically ill patients [5] [6] [7] [8] .
In clinical practice, the marker used daily for the evaluation of renal function in patients is serum creatinine [9] [10] [11] [12] . However, serum creatinine may not be very suitable for this purpose as its concentration depends not only on renal elimination but also on creatinine generation and the volume of distribution. Muscle mass and the metabolic transformation of creatine have an impact on the serum creatinine concentration [13] . Many characteristics apart from renal function may influence the creatinine concentration, such as age, gender and race: younger patients, males and Blacks have higher serum creatinine concentrations for the same given GFR, compared with older patients, females and Caucasians [14, 15] . In addition, serum creatinine and GFR are not linearly related [16] . Direct measurement of the GFR, the gold standard for the assessment of renal function, with exogenous substances such as inulin, is not performed routinely in burn or intensive care units for practical and ethical reasons. Measured creatinine clearance (CL CR ), however, can easily be determined in a burn patient, and it is the easiest method for evaluating renal function in clinical practice [17] [18] [19] . GFR is over-estimated by creatinine clearance in renal failure due to tubular creatinine secretion [17] but this overestimation is lower in patients with normal serum creatinine values. Moreover close correlations between iothalamate and creatinine clearances and between inulin and creatinine clearances were demonstrated by Loirat et al. [2] in burn patients.
However, the determination of clearance requires a steady-state situation.
Numerous equations have been developed to calculate the GFR using serum chemistry (usually serum creatinine concentration, S CR ) with demographic data. The Cockcroft-Gault formula is the most commonly used for this purpose in adults [14] , as recommended both by standard texts [20, 21] and by the recent FDA guidance document for dose adjustments in renal impairment [22] . In critically ill patients, Robert et al. showed that the incorporation of a corrected serum creatinine value and the use of an ideal body weight in the Cockcroft-Gault equation led to a better prediction of the GFR [23] . have demonstrated the usefulness of the adjustment of the Cockcroft & Gault method for therapeutic drug monitoring.
The new National Kidney Foundation Kidney/ Disease Outcomes Quality Initiative (NKF K/DOQI) guidelines recommend estimating the GFR by the Modification of Renal Disease (MDRD) or Cockcroft-Gault (CG) equations [27] . In 2000, a simplified MDRD equation (sMDRD) was published in abstract form [28, 29] . These equations can be easily calculated at the bedside but they have not really been validated in burn patients. Given these considerations, the purpose of the present study was to evaluate the value of a single serum creatinine measurement, within normal limits, and the four predictive equations used for the assessment of glomerular function (Cockcroft-Gault, Robert, Kirkpatrick and the simplified MDRD formula), compared with creatinine clearance (CL CR ) measured on a 24 h urine collection in burn patients during the hypermetabolic phase of the burn injury. The secondary aim was to quantify the GFR estimated by the CL CR in burn patients and to characterize the biological and clinical factors involved in any modifications.
Methods

Patients
During a prospective study concerning the various dosage regimens of ceftazidime used to treat burn patients [30] , the CL CR was measured in most of the studied patients. Briefly, after approval by the local ethics committee, our study was carried out on 50 informed patients in the Burns Unit of the University Hospital of Toulouse-Rangueil over a period of 4 years. The patients were studied during the secondary phase of their burn injuries. The antibiotics were prescribed for local infections or for sepsis. The patients were randomly divided into two groups. One group initially received a dose of 6 g of ceftazidime per 24 h in three separate short perfusions of 2 g each, i.e. every 8 h. The second group was given six doses of 1 g each, i.e. every 4 h. Blood was sampled in dry tubes at the troughs and peaks 24 h and 48 h after the start of the treatment for monitoring.
Clinical and biological data
For each patient, the usual biological parameters and the specific burn indices were recorded: 1) Percentage of burn area (SB) [31] , 2) Baux index equal to age + SB [32] , 3) Unit Burn Standard (UBS) index (SB +3 fold percentage of 3rd degree of burn) [32, 33] and 4) Tobiasen index [34] , calculated as a score involving sex, age, inhalation injury, third stage of burn and percentage of burn area.
Fifteen days, on average, after the burn injury, urine was sampled over 24 h and plasma just before drug administration, for the measurement of creatinine concentration. In some patients creatinine clearance was repeatedly measured but we only took into account the first measurement.
Among the whole population of our study [30] , we only chose patients who were haemodymically stable, not being treated with diuretics, without renal failure or any change in serum creatinine concentrations (less than 10%) during the 48 h period of study. In all patients bilirubin was normal and the serum creatinine was lower than 120 mmol l -1 . Neither cephalosporin nor cimetidine were given before the first creatinine measurement.
SCR measurement and calibration
All creatinine measurements were performed in the same laboratory. Blood samples were obtained simultaneously with the CL CR measurement. A modified kinetic Jaffe colorimetric method was used with a COBAS MIRA (ABX diagnostics) analyzer, and a two-point calibration applied to each assay. Before measurement, ultrafiltration of plasma through a 20 kDa cut-off membrane (MPS-1; Amicon, Beverly, MA) was carried out to remove chromogens that were linked to albumin such as bilirubin and other large proteins. In the absence of an international standard for creatinine assays, the linearity of the measurements was verified by using plasma samples from normal subjects to which increasing amounts of creatinine hydrochloride (Sigma Chemicals, Perth, Australia) had been added. Linear regression analysis showed that the relationship between measured and expected creatinine concentrations was 1.0008 Ϯ 0.006 (95% confidence interval 0.997, 1.020) and that the y-intercept was 0.014 Ϯ 0.013 (95% confidence interval 0.013, 0.041). The squared Spearman rank coefficient of correlation was 0.998. Internal quality controls showed a coefficient of variation of 2.3% during the period.
Assessment of glomerular filtration rate (GFR)
Creatinine clearance was calculated according to:
where urine creatinine (U CR ) and serum creatinine (S CR ) were expressed in mmol l -1 and V corresponded to the urinary rate (diuresis) in ml min -1 . At the same time, the GFR was calculated using the Cockcroft formula [14] :
for men, with age in years and weight in kg. A correcting factor of 0.85 was used for women. The derivative formula proposed by Robert et al. [23] uses the ideal body weight and serum creatinine concentration corrected to 85 mmol l -1 when the actual value is lower than 85 mmol l -1 . Ideal body weight was determined as 50 kg for men and 45.5 kg for women, plus 2.3 kg for each inch >5 feet [35] . Kirkpatrick et al. [24] proposed a correction for the serum creatinine lower than 60 mmol l -1 which is rounded to 60 mmol l -1 before the Cockcroft calculation. The simplified formula of the Modification of Diet in Renal Disease index (sMDRD) [15, 29] was also calculated according to:
where serum creatinine (S CR ) was expressed in mg dl -1 . The urinary creatinine loss per day was calculated as urine creatinine concentration (mg dl -1 ) ¥ 24 h urine volume (ml)/100 ¥ 1.73/body surface area (m 2 ), expressed as (mg 24 h -1 1.73 m -2 ), and as urine creatinine concentration (mg dl -1 ) ¥ 24 h urine volume (ml)/100/actual body weight (kg), expressed as (mg kg -1 24 h -1 ).
Statistical analysis
The statistical approach involved linear regression, and a multiple analysis of variance, correlation between measured and estimated CL CR and demographic characteristics of interest (i.e. burn area, Baux Index, UBS, Tobiasen, days postburn injury, and other biological parameters). To compare the different parameters according to the measured CL CR groups, parametric and nonparametric tests were applied as appropriate.
The predictability of the individual estimation of the GFR by the Cockcroft, Robert and the sMDRD formulae compared with the CL CR was evaluated by residual plots and the Bland & Altman concordance method [36] . This approach is based on the graphical drawing of the parameters being compared. Bland & Altman plots evaluate the mean difference Ϯ 2 SDs between two methods of measurement over the average of the measurements by the two methods. The method leads to the determination of bias and concordance limits between one method and another. Data are presented as mean Ϯ SD (interquartile range).
The precision and the bias of the individual estimation (CL CR estimated) of the GFR by the Cockcroft, Robert, Kirkpatrick and the sMDRD formulae compared with the CL CR was evaluated according to Sheiner & Beal [37] by the following equations:
The results are expressed as a percentage of the mean measured CL CR .
The results were analyzed with the StatView statistical software package, version 5.0. A P value Յ0.05 was considered as statistically significant.
Results
The characteristics of the patients are shown in Table 1 . The population studied included 36 patients (22 men and 14 women) aged 54 Ϯ 22 years. The mean burn area was 21 Ϯ 16% of the total body area and 33% of the patients were mechanically ventilated. The study was performed on day 15 Ϯ 10 (4-44).
Serum creatinine was low, equal to 76 Ϯ 23 mmol l -1 , while serum urea was higher than the normal limits, being equal to 7.7 Ϯ 5.0 mmol l -1 (3.1-23.8).
The GFR calculated according to the Cockcroft formula was 101 Ϯ 52 (38-306) ml min -1 1.73 m -2 , by the Robert formula it was 71 Ϯ 23 (33-111) ml min -1 1.73 m -2 , with the Kirkpatrick correction it was 92 Ϯ 34 (36-164) ml min -1 1.73 m -2 and according to the sMDRD equation 98 Ϯ 38 (48-186) ml min -1 1.73 m -2 , while the CL CR was 119 Ϯ 53 (33-224) ml -1 min -1 1.73 m -2 . These results are detailed in Table 2 .
Urinary creatinine excretion for women was 1175 Ϯ 447 (664-1988) mg 24 h -1 1.73 m -2 , and for men was 1528 Ϯ 646 (451-2511) mg 24 h -1 1.73 m -2 . As the urinary creatinine excretion in normal subjects has been established to be 1230 mg 24 h -1 1.73 m -2 for females, and 1600 mg 24 h -1 1.73 m -2 for males [38] , the urinary creatinine excretion of these burn patients was therefore within the normal limits.
A negative linear relationship was demonstrated between the urinary creatinine excretion expressed in mg 24 h -1 1.73 m -2 or in mg kg -1 24 h -1 and age: r 2 = 0.549 and P < 0.0001 and r 2 = 0.5 with P < 0.0001. A positive linear relationship was shown between the urinary creatinine excretion (mg 24 h -1 1.73 m -2 and Table 1 Clinical characteristics of 36 burn patients mg kg -1 24 h -1 ) and the volume of the maintaining liquids infused on the day of the CL CR measurement (respectively r 2 = 0.143 with P = 0.0328 and r 2 = 0.174 with P = 0.0175).
Assessment of serum creatinine as a marker of the GFR
An unexpected finding was that a significant number of patients had a decreased CL CR , despite having a normal serum creatinine. In nine patients (25%), the CL CR was <80 ml min -1 1.73 m -2 and in five patients (14%), the CLCR was <60 ml min -1 1.73 m -2 . Burn patients with a CL CR lower than 80 ml min -1 1.73 m -2 had a lower 24 h creatinine excretion (Table 3 ). There were no differences in gender, specific burn indices, percentage of mechanically ventilated patients or length of hospital stay following the burn injury. The age was higher in patients with a CL CR lower than 80 ml min -1 1.73 m -2 . The same data were found by comparing the nine patients with a CL CR <80 ml min -1 1.73 m -2 and the 15 patients who had a CL CR >120 ml min -1 1.73 m -2 ( Table 3) .
Comparison of the methods for calculating renal function
As shown in Table 3 and Figure 1A , a linear relationship was demonstrated between CL CR and the Cockcroft GFR estimation (r 2 = 0.3053 and P < 0.0005) according to the equation 'Cockcroft GFR = 0.59 ¥ CL CR + 34.5'. The ordinate intercept was not different from 0 (P = 0.05) but the slope was statistically different from 1 (P < 0.0001) even if it was the highest one. In spite of this relationship, the individual predictability evaluated by the residual plot and Bland & Altman method was poor as shown in Figures 2 and 3 . With the Cockcroft formula the mean bias (mean of the deviation between both methods) was -16 ml min -1 , the precision was 46.7% and its confidence interval (Ϯ2 SD) ranged from 95 to 128 ml min -1 . As also shown on Figure 2A by the residuals trend, these results indicate that for the lowest clearances (<60 ml min -1 ), the creatinine clearance is overestimated by the Cockcroft formula, and for the normal or high CL CR , it is an under-estimate. As shown in Figures 1B, 2B and 3B, the results obtained by the Robert formula show that the best significant linear relationship was observed between CL CR and the Robert GFR estimation (r 2 = 0.5119 and P < 0.0001) according to the equation 'Robert GFR = 0.31 ¥ CL CR + 34.4' with an ordinate statistically different from 0 (P = 0.0001), a slope different from 1 (P < 0.0001), a higher bias (-49 ml min -1 ), a poor precision (52.6%) and a low predictability of GFR (confidence interval ranging from 36 to -135 ml min -1 ) especially for the lower clearances.
The Kirkpatrick correction provides the following relationship 'Kirkpatrick GFR = 0.52 ¥ CL CR 0 + 33.6' (r 2 = 0.4687 and P < 0.0001). The slope was significantly different from 1 (P = 0.0127) and the ordinate was different from 0 (P < 0.0001). Even if for the highest values, the predictability decreases, the bias was -26.1 ml min -1 and the precision was the best (39.6%). The confidence interval (Ϯ2 SD) ranged from 57 to -110 ml min -1 .
The results obtained by the simplified MDRD formula show that a linear relationship was found between CL CR and the sMDRD GFR estimation (r 2 = 0.28385 and P = 0.0025) according to the equation 'sMDRD GFR = 0.33 ¥ CL CR + 58.8'. The residual plot in Figure 2D evidenced a low individual predictability. The Bland & Altman method showed a poor concordance (Figure 3) : the bias was -22 ml min -1 and the precision was 44.8% with a large confidence interval ranging from 81 to -124 ml min -1 .
Relationships between the GFR and burn indices
No correlation was found between the measured CL CR and the severity of the burn indices, but an inverse linear correlation was seen between CL CR and the Baux index (r 2 = 0.328 and P < 0.0003). The observed decrease in the GFR as a function of the Baux index was related to the age of the patients as shown by the multiple analysis of variance. Another correlation between CL CR was found with the Tobiasen index (r 2 = 0.170 and P = 0.0191) but this relationship disappeared when age was taken into account (P = 0.09). We found a negative relationship between measured CL CR and serum haemoglobin (r 2 = 0.253 and P = 0.0034) and between measured CL CR and the haematocrit (r 2 = 0.219 and P = 0.0069). Proteinaemia and the volume of the liquid infusion did not influence the CL CR whatever the method used and mechanical ventilation did not influence the measured or estimated CL CR .
Due to the low individual predictability of the Cockcroft, Robert, Kirkpatrick and sMDRD approaches, no other correlation was studied with burn indices or clinical and biological parameters.
Discussion
In this group of burn patients with normal serum creatinine, the measured CL CR varied over a wide range and revealed unexpectedly low values (<80 ml min -1 1.73 m -2 ) in 25% of the patients and very high values (>120 ml min -1 1.73 m -2 ) in 42% of the cases.
These data therefore suggest that in burn patients during the hypermetabolic phase, serum creatinine is a less reliable tool to detect moderate changes in renal function than currently accepted. Serum creatinine alone may not be sufficient for the assessment of renal function as it was used recently in a population pharmacokinetic approach of ceftazidime and imipenem treatment Table 3 Comparison of patients with a measured creatinine clearance (CLCR) greater than 80 or 120 ml min -1 1.73 m -2 and lower than 80 ml min -1 1.73 m -2 CLCR (>120 ml min #: comparison between less and more than 80 ml min -1 1.73 m -2 . §: comparison between less than 80 ml min -1 1.73 m -2 more than 120 ml min -1 1.73 m -2 .
in burn patients [11, 12] . The most plausible explanation for the low sensitivity of serum creatinine for the detection of renal insufficiency in critically ill patients is the depressed production of creatinine, as was suggested by the approximately 50% decrease in 24 h urinary creatinine excretion in burn patients with a measured CL CR <80 ml min -1 1.73 m -2 . The reduction in creatinine excretion in the urine can be related to a loss of muscle mass and to a decrease in creatinine secretion. The low levels of creatinine excretion in our patients who had a CL CR <80 ml min further to the relatively low serum creatinine concentrations in proportion to the assessed renal function. The dietary intake of creatine was negligible as all the patients received enteral or parenteral nutrition. In addition, creatine is also produced by the liver, and disturbed liver metabolism is often present in burn patients. In addition, in hypovolaemic and dehydrated patients, the tubular creatinine secretion can be decreased [39] . This phenomenon could explain the negative relationship between the measured CL CR and the serum haemoglobin and between the measured CL CR and the haematocrit, because the increase of these two parameters can reveal dehydration. It must be noted that our patients were euvolaemic and without any sign of dehydration. This phenomenon also explains the positive linear relationship between the urinary creatinine excretion and the volume of infused liquids. In addition, interference in the analysis of biological parameters may give falsely elevated creatinaemia [18] . In this study, our method of S CR measurement and calibration reduced this interference. Although interference due to cephalosporin has been described when the creatininaemia was measured by using the Jaffe method [40] , no changes in this parameter were observed during the overall period of the study. Finally, the serum creatinine may be falsely low due the increase in the volume of distribution in oedematous patients.
There is a certain analogy between our findings and those obtained by Hoste et al. in 28 critically ill patients [10] . The question of the validity of the equations for the assessment of renal function remains for these burn patients. To our knowledge, our study is the only one that has tested the Kirkpatrick and the sMDRD equation in burn patients without renal disease compared with the actual GFR obtained by measuring CL CR . In clinical practice, creatinine clearance calculated by the Cockcroft formula still remains the most useful measure of glomerular clearance, except in certain cases such as liver insufficiency [19] . Robert et al. showed that in critically ill patients, the incorporation of a corrected serum creatinine value and the use of ideal body weight in the Cockcroft-Gault equation led to a better prediction of the GFR [23] . Kirkpatrick et al. [24] [25] [26] have proposed another correction factor which provides a greater pre- cision to the estimated clearance. However the different authors did not analyze burn patients. Lin et al. [41] , on the basis of a comparison of their findings with those in the published literature, showed that the sMDRD equations perform much more poorly in subjects without kidney disease than in those with chronic kidney disease. This is not surprising since the sMDRD equation was derived from a study where the participants were selected as having moderate to severe renal failure (the measured I 125 iothalamate mean GFR was 39.8 ml min -1 1.73 m -2 ) [15] . In spite of this, drug development and therapeutic drug monitoring is normally always based on these parameters. In burn patients, the drug monitoring must take into account the fact that the GFR is increased compared with other intensive care patients [2] [3] [4] . The validation of new methods of measurement or evaluation for a bio-clinical parameter is often based on a linear relationship. This is usually used to prove a strong correlation between the tested methods and the reference one. The very high CL CR reported in our burn patients probably skewed the linear regression between measured and estimated CL CR by over-weighting. Moreover, our study highlighted the limits of linear regression analysis. In spite of a significant relationship between the measured CL CR and the commonly used prediction equations for the assessment of glomerular function, these calculations did not provide an accurate individual predictability as shown by the residuals' plots, the calculated bias, precision and confidence intervals. These last indices are used to compare the population estimates with the individual measured values. Individual results are subject to interindividual variability which is not taken into account in population models whatever the covered field (pharmacokinetics, biology, anthropometry . . .).
The studied indices of predictability provide a more accurate conclusion about the validity of the population model, especially for extreme results. As the variability is very important in burn population due to the high proportion of patients with an increased GFR this approach is required. For example with the Cockcroft formula, since the slope (0.59) of the correlation between the Cockcroft calculation and actual creatinine clearance is significantly lower than 1, the higher the GFR, the more dramatically the Cockcroft clearance is an underestimate. These observations in burn patients with a high GFR complete data from the literature. For instance, in a study including 19 burnt men, Lott et al. [42] compared several GFR evaluation methods and concluded that the Cockcroft & Gault formula is useful in spite of a systematic overestimation of GFR when the CL CR is lower than 60 ml min -1 . In that study, the statistical approach did not provide any bias and confidence intervals but our results are in agreement with the overestimation for the lowest clearances. Loirat et al. [2] reported a significant relationship between the measured CL CR and the GFR evaluation by using inulin or iothalamate clearances. The increase in the CL CR observed in our study corresponds to data in the literature [2, 43] . To explain this increasing GFR, several assumptions were successively invoked: increase in cardiac output contemporary with hyper-catabolism, hypoproteinaemia, and hypervolaemia [44] . In our population, no correlation was found between the CL CR and energy expenditure estimated according to Curreri et al. [45] , or the volume of infused liquids. These data are not able to respond to the question of the impact of catabolic response to stress or hypervolaemia on the GFR. The influence of hypoproteinaemia cannot be seen as a factor since all the patients included in our study had a proteinaemia lower than or equal to 50 g l -1 . In one case, Sosa et al. [46] have simulated the loss of creatinine by the burn injuries. However, the lack of a relationship between CL CR and the extent or the depth of the burn process seen in our study mitigates against this hypothesis. The lack of correlation between the CL CR and burn indices (burn areas, infused volume) except age was also demonstrated by Loirat et al. [2] . In their study, the highest CL CR was observed in younger patients (25 Ϯ 10 years) and we report the same phenomenon. In our population, 13 patients were younger than 40 years and had a mean CL CR of 168.7Ϯ 34.9 ml min -1 1.73 m -2 (vs. 90.6 Ϯ 38.1 ml min -1 1.73 m -2 in the older patients). The decrease in the rate of glomerular filtration, the involution of nephronic units and the reduction of renal blood flow explain the high frequency of renal function deficiency in elderly patients. It was observed that glomerular ageing was correlated with patient age in only two thirds of the patients, and this phenomenon accounted for the inaccuracy of the CL CR estimated by formulae [47] . This decrease in the clear-ance was also observed in 13 patients included in our study: they were older than 65 years and presented with a CL CR of 72.3 Ϯ 25.6 ml min -1 1.73 m -2 . In our burn population, the absence of an effect of mechanical ventilation with Positive End Expiratory Pressure (PEEP) on the CL CR is not consistent with the literature data [48] but could be explained by the euvolaemia of our patients. Moreover, our results highlighted that the classical indices used to assess the severity of burn injuries do not furnish any significant information on the GFR in these patients.
A highly predictive model for GFR calculation would be very useful for the clinician. In burn patients with normal GFR, a model with an acceptable predictability such as those of Kirkpatrick or Cockcroft may be used and results are very easily obtained. However, in clinical practice in burn units, it is not possible to determine a priori if a patient with normal serum creatinine has a high GFR. Therefore, the underestimation of GFR calculated by the studied equations could lead to an underestimated dosing requirement for many drugs. This point becomes critical for antibiotics used against resistant strains and for which therapeutic drug monitoring is not readily available [49] . In such circumstances, creatinine clearance should be measured formally. This is not very difficult in practice.
In conclusion, while creatinaemia is an easy marker to use, which may explain the frequent reference to it, in a cohort of burn patients studied during the hypermetabolic phase of burn injury, and with normal serum creatinine values, serum creatinine proved a very insensitive screening test for the early detection of renal dysfunction. The most probable explanation is that a decreased creatinine load resulted in a lower serum creatinine for a given GFR. The Cockcroft-Gault, the Robert, the Kirkpatrick and the sMDRD equations calculate the CL CR on the basis of parameters such as sex, weight and age. For the different values of CL CR , only the age varies. Thus, significant over-and under-estimations of real values by mathematical calculation may occur. Therefore, a creatinine clearance through 24 h urine collection should be used to detect modifications of the renal function in burn patients with normal serum creatinine concentrations. A new formula must be defined to accurately estimate glomerular filtration in the burn population.
